To facilitate molecular genetic analysis of vertebrate development, haploid genetics was used to construct a recombination map for the zebrafish Danio (Brachydanio) rerio. The map consists of 401 random amplified polymorphic DNAs (RAPDs) and 13 simple sequence repeats spaced at an average interval of 5.8 centimorgans. Strategies that exploit the advantages of haploid genetics and RAPD markers were developed that quickly mapped lethal and visible mutations and that placed cloned genes on the map. This map is useful for the position-based cloning of mutant genes, the characterization of chromosome rearrangements, and the investigation of evolution in vertebrate genomes.
The zebrafish Danio rerio (formerly Brachydanio rerio) (1) is emerging as a model organism for the investigation of the genetic mechanisms of vertebrate development (2) . Its short 3-month life cycle and the ease of making both haploid embryos and parthenogenetic diploid fish facilitate the identification and analysis of mutations (3) . Saturating the genome with mutations that affect various aspects of the early development of zebrafish seems to be an attainable goal (2) . The ability to make stable lines of transgenic zebrafish (4), as well as the ease of making genetic mosaics (5, 6) , facilitates the study of gene interactions and gene function.
In spite of the demonstrated potential of zebrafish genetics in understanding vertebrate development, both the genetic and molecular investigation of zebrafish are in their infancy. For example, only two genes identified by mutation have been cloned from zebrafish (7) , and only recently have any molecular genetic markers been reported (8, 9) . Furthermore, no two genetic markers in zebrafish have been shown to be linked. Because a linkage map is necessary to facilitate molecular genetic analysis of zebrafish development, we constructed such a map with anonymous DNA polymorphisms and then developed ways to place genes known only by sequence or only by mutation on the map with the use of the haploid genetics available in zebrafish.
For a map to be useful, it should contain genetic markers that are abundant, evenly distributed, highly polymorphic, and readily detected in many laboratories. A map of random amplified polymorphic DNA (RAPD) markers fits these criteria (10, 1 1) . A polymerase chain reaction (PCR) with zebrafish genomic DNA as a template and a single, 10-nucleotide-long primer of arbitrary sequence generally amplifies 6 to 12 DNA fragments (9 Because the mapping of cloned genes facilitates the identification of candidate genes for mutations, we developed a strategy to map genes known by DNA sequence. In this approach, DNA from each haploid of the linkage map cross serves as a template for a PCR with the use of a pair of primers that amplify a fragment containing either the target gene's 3' untranslated region (UTR) or one of its introns. In some cases, this results in a fragment size polymorphism. For example, primers spanning intron 1 in the major histocompatibility complex (MHC) class II chain locus (15) amplified fragments of 520 and 580 base pairs (bp) that segregated as codominant alleles in the linkage map cross and provided a location on LG VIII (Fig. 1) . Likewise, snail) (16) was mapped to LG XI on the basis of codominant length variants of 210 and 250 bp arising from the CA repeat contained in its 3' UTR. Although primers amplifying the 3' UTR of msxB (17) yielded fragments of uniform size from all 94 haploids of the linkage map cross, the restriction enzyme Msp I cut the DAR allele but not the AB allele, allowing msxB to be localized to LG I near leopard (Fig. 1) .
The utility of a genetic map is related to its degree of completeness. The current map has four more LGs than the number of haploid chromosomes (18) this estimate gives an average of about 625 kbp cM-, although the relation of physical and genetic distance may vary from one region of the genome to another (22) . In contrast, the mouse genome has on average 1800 kbp cM- (23) . A strategy that exploits the haploid genetics of zebrafish and the advantages of RAPD markers allowed us to quickly identify loci closely linked to a mutation. This in turn allowed us to place the mutation on the map, thus serving as a prelude to molecular isolation of the gene (24) . This La HI
LG IV LO V strategy was illustrated by the mapping of brass, a pigment pattern mutation (25) 94 haploid progeny of a DAR/AB heterozygous female fish and subjected to PCR with 10-nucleotide-long primers (9) . Amplified fragments were separated by electrophoresis on agarose gels. Linkage groups were identified with the program Linker (14), and maps were constructed with MAPMAKER (14). Scoring error was less than 1% (34) , and although most marker orders will be correct, distances between markers will vary because of statistical fluctuations and genetic background effects. DNA from the same 94 haploid siblings was scored for SSRs as described (8) (Fig. 1) , brass must also be localized to LG XIII. Another DNA fragment amplified by the same primer (fragment 16AI.900) (Fig. 2B ) was unlinked to brass (39 recombinants out of 76 haploids) and maps to LG XX (Fig. 1) . Primer 13A1 amplified marker 13AI.800, which had 0 recombinants with brass out of 76 haploids. Because 13AI.800 did not segregate in the original linkage map cross (Fig. 1) , however, it was not informative for LG assignment. To verify the location of brass and to make a more complete local map (Fig. 2C) , we scored the 76 haploid siblings segregating for brass for other nearby markers in LG XIII. All LG XIII markers that we tested and that were segregating in the cross were found to be linked to brass. The combination of the original linkage map and the local map gave a composite map (Fig. 2C) .
With the use of this general strategy, we mapped a total of nine loci identified by mutation. These include the visible mutations leopard (LG I) (27) , brassb2 (LG XIII) (25) , sparseb5 (LG XX) (25) , and albinoN (LG XXI) (25) (15) and no tail (7)1 (Fig. 1) .
Our results indicate that zebrafish embryonic lethal mutations segregating in various genetic backgrounds can be integrated quickly into the linkage map by simply mating a mutant stock to either the DAR or AB lines (or both) and performing haploidbased bulked segregant analysis as described here. A screen with RAPD primers of a number of zebrafish stocks, including the Singapore, Hong Kong, and German lines, showed that most lines had many bands in common with line AB (9) , which suggests that most of the loci described here will segregate in typical crosses. The mapping of most of the published SSRs (Fig. 1) further demonstrates that this type of molecular marker is also easily integrated into the current linkage map.
Haploid-based bulked segregant analysis LG XXVII -8 SRISAD) with RAPD markers allows the rapid identification of DNA polymorphisms linked to either the mutant or wild-type allele of any gene in zebrafish. In mapping the nine mutations mentioned above, about 1% of the primers screened (18 out of 1778) identified a RAPD marker located within about 5 cM of any given mutant locus; thus, only about 1000 decamer primers should be needed on average to find a marker about 0.5 cM from any mutation. Some of the mutant genes studied were very close to their nearest RAPD marker-for example, brass failed to recombine with its nearest marker among 76 haploids and floating head failed to recombine with its nearest marker among 1332 haploids (29) . A marker 0.5 cM away from a mutation should be on average only about 300 kb from the mutant locus, a distance that corresponds to about four P1 clones and is shorter than a single, necrosis factor-a (TNF-a) within the major histocompatibility complex (MHC) (7, 8) . The LT and TNF-a proteins are structurally related and show similar activities in vitro and when given to experimental animals (9) . In solution, LT is a homotrimer with a conformation similar to that of TNF-a. A membrane-associated form of LT has been described, consisting of a heterotrimeric complex containing two LT monomers together with a 33-kD transmembrane protein designated LT-P (10) . The gene encoding LT-I is located immediately centromeric to the gene encoding TNF-a. The biological effects of LT and TNF-a are mediated by two receptors, designated p55 and p75 (11) .
In vitro, LT and TNF-a can modulate many immune and inflammatory functions. As implied by their names, both cytokines are cytotoxic for a variety of transformed and normal cell types (12) (13) (14) . In order to be killed, target cells must express LT-TNF-a receptors, with the p55 receptor appearing to mediate the cytotoxic response (15). LT and TNF-a can augment the proliferation of activated thymocytes (16) 703 on September 20, 2011 www.sciencemag.org Downloaded from
